To study factors associated with anemia and its effect on survival in HIV-infected persons treated with modern combined antiretroviral therapy (cART), we characterized the prevalence of anemia in the Veterans Aging Cohort Study (VACS) and used a candidate gene approach to identify proinflammatory gene single nucleotide polymorphisms (SNPs) associated with anemia in HIV disease. The study comprised 1597 HIV ؉ and 865 HIV ؊ VACS subjects with DNA, blood, and annotated clinical data available for analysis. Anemia was defined according to World Health Organization criteria (hemoglobin < 13 g/dL and < 12 g/dL in men and women, respectively). The prevalence of anemia in HIV ؉ and HIV ؊ subjects was 23.1% and 12.9%, respectively. Independent of HIV status, anemia was present in 23.4% and 8% in blacks and whites, respectively. Analysis of our candidate genes revealed that the leptin ؊2548 G/A SNP was associated with anemia in HIV ؉ , but not HIV ؊ , patients, with the AA and AG genotypes significantly predicting anemia (P < .003 and P < .039, respectively, logistic regression). This association was replicated in an independent cohort of HIV ؉ women. Our study provides novel insight into the association between genetic variability in the leptin gene and anemia in HIV ؉ individuals. 
Introduction
Anemia is a common hematologic morbidity of HIV infection, and predicts for decreased survival, disease progression, and decreased quality of life. 1 Anemia prevalence in persons with AIDS has been reported to range anywhere from 1% to 95%, 2 invariably reflecting heterogeneity in HIV cohorts studied and the definition used to classify anemia. The etiology of anemia in HIV is multifactorial, including opportunistic infections, nutritional deficiency, malignancy, and medications. 3, 4 Evidence also suggests that HIV affects the differentiation of HSCs, perhaps by primary infection of myeloid progenitors, or secondary to chronic inflammation related to HIV and its secondary comorbidities. 5 In addition, as the population of those infected with the HIV virus continues to age, individuals are also at risk for developing the anemia of aging, which comprises classic anemia of inflammation (AI), anemia because of nutritional deficiencies, and unexplained anemia in one-third each of anemic individuals 65 years of age or older. 6 Although HIV infection is felt to promote a chronic inflammatory state, its impact on the pathogenesis of anemia subtypes in HIV disease remains to be determined.
Several studies suggest that levels of inflammatory cytokines and acute-phase proteins increase with age. 7, 8 However, it is controversial as to what extent this reflects primary dysregulation of the immune response or comorbid disease. A growing body of evidence has advanced our understanding of the important role of adipokines in modulating the body's energy balance as well as signaling pathways associated with propagation of a chronic inflammatory state. Since the discovery of leptin and related adipokines, it has become recognized that adipocytes are an important source of metabolic regulatory hormones with farreaching consequences. 9 Leptin functions in a feedback loop to regulate body weight through pathways that regulate hypothalamic responses to energy balance. 10 Leptin is thought to have evolved to protect against starvation, and mediates multiple neuroendocrine responses to low energy balance, including suppression of fertility and a variety of metabolic changes. 9 Leptin insensitivity appears to increase with age, 11 and may mediate the metabolic aspects of frailty associated with aging. 12 A functional polymorphism of the leptin gene at Ϫ2548 13 has been linked to obesity, 14, 15 as well as to cardiovascular 16 and oncologic outcomes. 17 Leptin may also impact erythropoiesis, having been shown to stimulate hematopoietic progenitor cell proliferation, 18 modulate erythropoietin (EPO) sensitivity in patients with end-stage renal disease, 19, 20 and upregulate the expression of hepcidin. 21 Adipokines are also felt to play an important role in HIV-related disease. Leptin and adiponectin have both been implicated in combined antiretroviral therapy (cART)-related lipodystrophy and metabolic syndrome. 22, 23 Leptin deficiency is associated with lipoatrophy, while low levels of adiponectin are associated with central fat accumulation and insulin resistance. 22 In addition to affecting metabolic pathways that lead to changes in fat distribution, leptin, and adiponectin also influence immune pathways that may both modulate HIV disease and influence BM responsiveness. Leptin induces TNF␣ and IL-6, and also increases neutrophil and T-cell function. Adiponectin has counterregulatory properties to these effects, inhibiting phagocytosis and adhesion of macrophages, and decreasing TNF␣ and IL-6 levels. 23 In the present study, we examined the association of functional single nucleotide polymorphisms (SNPs) in proinflammatory genes with known effects on erythropoiesis and anemia in distinct cohorts of individuals with HIV disease. Our examination of a subgroup of the Veterans Aging Cohort Study (VACS), a longitudinal study of demographically matched veterans with and without HIV disease, revealed that the leptin Ϫ2548 G/A SNP is independently associated with anemia in HIV ϩ , but not HIV Ϫ , patients. This association was replicated in the Swiss HIV Cohort Study. Our study provides novel insight into the association between genetic variability in the leptin gene and anemia in independent cohorts of HIV ϩ individuals.
Methods

Study populations
The Veterans Aging Cohort Study (VACS) is the largest HIV cohort in North America. 24 It includes a nested, consented 8 site sample (VACS 8) of 3660 HIV ϩ veterans demographically matched to 3652 HIV Ϫ veterans (HIV Ϫ ) with longitudinal in-depth data spanning nearly 10 years. The database includes full electronic medical record data and annual selfcompleted surveys on all subjects. The VACS also contains a large tissue repository, including DNA, plasma, and serum samples. More than 75% of VACS subjects are black or Latino and the median age is ϳ 50 years. Because the study is within the VA system, ϳ 90% of the patients are male.
The Swiss HIV Cohort Study (http://www.shcs.ch) is a prospective cohort study with continuing enrollment of HIV-infected individuals aged 16 years or older and has been approved by ethical committees of all participating institutions with written informed consent obtained from all participating individuals.
Tissue samples
Banked DNA and blood specimens from consenting subjects in VACS 8 were collected at 5 participating VACS sites under the auspice of an approved institutional review board (IRB) protocol. 24 All blood tubes were processed on receipt, assigned specific DNA Bank or VACS Blood Bank numbers, and stored in Ϫ80°C freezers at the Massachusetts Veterans Epidemiology Research and Information Center (MAVERIC) Core Laboratory (Boston, MA).
Definition of anemia and anemia of inflammation
Anemia was classified according to World Health Organization (WHO) criteria using hemoglobin of Ͻ 13 g/dL and 12 g/dL in men and women, respectively. Anemia of inflammation (AI) was defined as an elevated ferritin (Ͼ 170) in the presence of a low serum iron count (Ͻ 60 g/dL) without evidence of iron deficiency.
Laboratory variables
Ferritin and transferrin were measured by a standard particle-enhanced immunoturbidimetric assay, serum iron measured by a colorimetric assay (ferrozine), and unsaturated iron-binding capacity (UIBC) measured by a spectrophotometric method all using the Roche P Modular system (Roche Diagnostics) and Kamiya Biomedical reagents according to the manufacturer's instructions. Renal function was quantified using estimated glomerular filtration rate (eGFR) in mL/min/ 
MALDI-TOF MS analysis of hepcidin
The assay was based on the detection and quantification of endogenous hepcidin in plasma relative to that of a stable isotope-labeled hepcidin internal standard using previously described methodologies. 25 
Inflammatory gene SNP analysis
SNPs in the TNF␣ (Ϫ308G/A, Ϫ238G/A), IL-6 (Ϫ174G/C), IL-1␤ (Ϫ31T/C, Ϫ511T/C, Ϫ1464G/C, Ϫ3737T/C), leptin (Ϫ2548G/A, ϩ19A/G), and leptin receptor (Q223R) genes were evaluated using the TaqMan OpenArray Genotyping System (ABI Biosciences) and imaged on the OpenArray NT Imager as described 26 at the Dana-Farber/ Harvard Cancer Center (DF/HCC) High-Throughput Genotyping Core Facility. This system uses 2 allele-specific minor groove binding probes and 2 PCR primers to ensure accurate genotyping. 26 
Linkage analysis of the leptin ؊2548 SNP in the Swiss HIV Cohort Study
Because the leptin Ϫ2548 SNP (dbSNP ID rs7799039) is not present on the Illumina chips used in previous genome-wide association studies (GWAS) performed in this cohort, 27, 28 an excellent tagging SNP (rs10487506) located 600 bp away and in perfect linkage disequilibrium (LD) in whites according to Hapmap European (CEU) data, was used as a proxy for the leptin Ϫ2548 polymorphism for the analyses. Hemoglobin (Hgb) level was defined as the median of results during the following observation windows: (1) in absence of cART; (2) during the first 6 months of cART; (3) after 6 to 12 months of cART; (4) after 12 to 24 months of cART; and (5) after Ͼ 2 years of cART. Linear regression of median hemoglobin was used to test for association between the rs10487506 genotype and Hgb levels, applying an additive genetic model that includes age and the coordinates of 3 significant Eigenstrat axes (to correct for population stratification) as covariates. Considering the substantial difference in study phenotype by gender (mean hemoglobin in nontreated subjects was 13.0 g/dL in females and 14.6 g/dL in males), we ran separate analyses in male and female subpopulations.
Measurement of plasma leptin levels
Leptin levels in plasma were measured using a standard leptin ELISA kit (PeproTech) according to the manufacturer's instructions.
Statistical analysis
For univariate analyses, we used 2 or Fisher exact test as appropriate for categorical variables. Quantitative variables were compared using the t test. Multivariate analyses were performed with logistic regression (SAS). Correlations were tested using Pearson correlation coefficient.
Results
Factors associated with anemia in VACS
It has been previously established that anemia of any degree is an exceptionally powerful, independent risk factor predicting for poor outcomes in patients with HIV disease. 29, 30 To gain insight into the pathogenesis of HIV-associated anemia, we analyzed a subgroup of the VACS cohort composed of 2462 subjects with available DNA, blood, and annotated clinical data. Anemia was defined according to WHO criteria (hemoglobin Ͻ 13 g/dL and Ͻ 12 g/dL in men and women, respectively). Variables of interest stratified by the presence of anemia are shown in Table 1 . Of this group, 1597 individuals were HIV ϩ while 865 were HIV Ϫ . A total of 479 subjects were found to be anemic while 1983 were nonanemic. The prevalence of anemia in HIV ϩ and HIV Ϫ subjects was 23.1% and 12.9%, respectively. Independent of HIV status, anemia was present in 23.4% and 8% in blacks and whites, respectively.
Given the likely presence of a chronic inflammatory state imparted by infection with HIV, we first examined whether hepcidin may be correlated with Hgb or ferritin in a subgroup of VACS subjects (n ϭ 339). This subgroup consisted of 214 HIV ϩ and 125 HIV Ϫ individuals, with 48 of 56 anemic individuals meeting criteria for AI. Although plasma hepcidin was found to positively correlate with ferritin (r ϭ 0.30, P Ͻ .0001, Pearson), we found no correlation between hepcidin and Hgb level in this subgroup (P ϭ .665, Pearson).
A functional polymorphism in the leptin gene promoter is associated with anemia in HIV ؉ VACS subjects
To examine the impact of chronic inflammation on the development of anemia in HIV ϩ and HIV Ϫ subjects in VACS, we analyzed whether the presence of high-expressing polymorphic alleles in a group of candidate proinflammatory genes with known suppressive effects on erythropoiesis or associated with hepcidin regulation (Table 2 ) predicted for the development of anemia, and whether that predisposition was linked to HIV status or other clinical or laboratory variables. Univariate analysis of proinflammatory gene SNPs revealed only the leptin Ϫ2548 G/A SNP to be significantly associated with anemia (P Ͻ .001, 2 ). The minor allele of this SNP was present at a frequency of 19% in VACS subjects. Using a multivariate logistic regression model adjusted for age, sex, HIV For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From status, CD4 count, log HIV-1 viral load, body mass index (BMI), and eGFR, we found that the leptin Ϫ2548 G/A SNP was independently associated with anemia in HIV ϩ , but not HIV Ϫ patients, with the AA and AG genotypes significantly associated with anemia (P Ͻ .003 and P Ͻ .039, respectively, logistic regression). Because the frequency of the major allele of this SNP is present in greater than 80% of blacks and because non-Hispanic blacks comprise ϳ 68% of the VACS cohort, we could not examine the impact of race in our multivariate model.
As the AA genotype associated with anemia in our VACS cohort of HIV ϩ patients has been reported to be associated with higher serum leptin levels in various population studies, 13 we next determined whether the AA genotype was associated with higher mean plasma leptin levels in the VACS cohort (n ϭ 2461). Because there were only 132 subjects with the AA genotype, we grouped the AA and AG genotypes and compared leptin levels to the GG genotype. The mean leptin levels were higher in the AA/AG group (6.972 ng/mL) compared with the GG group (6.459 ng/mL). A clustered analysis of AA/AG versus GG genotypes revealed a trend for an association between the AA/AG genotype cluster and higher mean plasma leptin levels that did not meet statistical significance (P ϭ .079, t test; Figure 1 ).
Confirmation of the association between the leptin ؊2548 SNP and lower Hgb levels in a white HIV ؉ cohort
To confirm whether the association of the leptin Ϫ2548 SNP and anemia held true in a white population, we next examined this association in the Swiss HIV Cohort Study. Using a tagging SNP (rs10487506) as a proxy for the leptin Ϫ2548 SNP (the 2 variants are in perfect LD in whites, Figure 2) , we examined the association between leptin genotype and anemia post-cART in 837 HIV ϩ patients of recent Western European ancestry. The polymorphism was in Hardy-Weinberg equilibrium (P ϭ .7, HWE test), with a minor allele frequency of 43%. Significant associations between rs10487506 and Hgb level were observed in the female subpopulation at all time points: before initiation of ART and repeatedly during treatment (P Ͻ .01, linear regression). A trend in the same direction was detectable in males, but did not reach statistical significance ( Figure 3A) . As some studies have shown that the leptin Ϫ2548 G/A SNP correlates with BMI, 15 we examined whether there was an association between Hgb and BMI in the Swiss cohort. Although we found that a weak association was indeed present in males, inclusion of BMI as a covariate in linear regression models had no impact on the association between Hgb and rs10487506 ( Figure 3B ).
Discussion
Our analysis of genetic variability in candidate proinflammatory genes with known suppressive effects on erythropoiesis has resulted in the novel finding that a functional polymorphism in the leptin gene promoter is independently associated with anemia in HIV ϩ , but not HIV Ϫ , patients. The pathophysiology of cytopenias in HIV is complex, and may reflect one or several of a combination of abnormalities. Some abnormalities are induced by the HIV virus itself, and others reflect a secondary response to disease-related inflammatory pathways, response to opportunistic infections, or a side effect of cART therapy. 31 The chemokine receptors CXCR4 and CCR5 are expressed in hematopoietic progenitors, 32 and HIV can directly infect CD34 cells. 33, 34 HIV infection causes cell death as well as latent infection, 35 and may serve as a reservoir of HIV in patients with low or undetectable viral load after cART therapy. 36 On the other hand, there are age-related shifts in HSCs that may also predispose to anemia. Studies in mice suggest that aging is associated with cell-intrinsic changes in HSC number and function. HSC numbers actually increase with age, but the cells exhibit functional defects, including decreased homing and altered maturation with a shift toward granulocytic maturation. 37, 38 Data in humans also show that multipotent progenitor cells increase with age 39 and exhibit myeloid skewing. 40 Most of these studies focus on the contribution of myeloid skewing to the risk of myeloid malignancy, but because aging is also associated with increased EPO resistance, 41, 42 it seems likely that the shift toward myeloid proliferation could also be a secondary reflection of poor erythroid maturation. Further studies are required to determine the extent to which anemia in HIV disease reflects latent HIV infection or an accentuation of inflammatory features characteristic of aging.
Analysis of the VACS cohort provides the opportunity to perform studies on the epidemiology and pathogenesis of anemia in a predominantly non-Hispanic black, aging population of veterans both with and without HIV disease. Our data confirm the markedly higher proportion of anemia in non-Hispanic blacks that has been reported elsewhere, 43, 44 a finding that appears to be independent of HIV status. Given the low prevalence of the minor A allele of the leptin Ϫ2548 G/A SNP in blacks and given that the VACS cohort is predominantly composed of non-Hispanic blacks, we could not effectively address whether race or other race-related variables may 
association between the leptin polymorphism and anemia. However, our confirmation of the association of the leptin Ϫ2548 G/A SNP and lower Hgb levels in white HIV ϩ female patients in the Swiss HIV Cohort Study provides preliminary evidence that this association may be independent of race. It is unclear why we did not find a significant association in male HIV ϩ subjects in the Swiss Cohort, although reassuringly the trend was in the same direction. It also remains to be determined whether the association of this specific leptin polymorphism and anemia reflects a cell intrinsic defect in HSCs specific to HIV infection or reflects the broader process of physiologic aging, with HIV disease promoting a state of accelerated aging of HSCs. Potentially in support of the latter is our finding that the association of the leptin Ϫ2548 G/A SNP and anemia is independent of BMI, consistent with evidence suggesting that the development of leptin resistance appears to be an age-related phenomenon independent of body fat pattern. 11 As with all studies examining disease associations, it will be important to confirm these findings in larger and varied series of patients.
Although some studies have linked the leptin Ϫ2548 AA genotype with increased leptin levels, we were unable to show a significant association between this SNP and higher plasma leptin levels in the VACS cohort. There is some debate as to whether cytokine levels in the peripheral blood are an accurate measure of chronic inflammatory states. 45, 46 This is especially true when examining the impact of inflammation on the BM, a specialized compartment where local levels of inflammatory cytokines are almost certainly distinct from levels detected in plasma. Furthermore, cytokine levels may vary and be subject to transient perturbations in acute stresses and comorbidities, rendering single point in time measurements of cytokines difficult to interpret. For these reasons, we feel that genetic variations that determine overall inflammatory responsiveness may be better markers of disease susceptibility than peripheral cytokine levels, particularly with regard to primary disorders of the BM. Alternatively, the leptin Ϫ2548 G/A SNP may reflect disordered erythroid maturation stemming either from direct interactions with inflammatory pathways independent of circulating leptin or from indirect inflammatory pathways leading to decreased EPO responsiveness.
Adipokines affect many physiologic processes, but little is known about their impact on hematopoiesis. The increasing recognition of the dynamic role of adipose tissue in cellular pathways makes our identification of the association of the leptin polymorphism and anemia especially exciting. The BM stroma is a site of considerable adipose tissue, and the fat content of the marrow increases with age. Bone marrow adipocytes express high levels of leptin, 47 raising the possibility that intramedullary leptin may influence hematopoiesis. Indeed, leptin appears to have direct effects on BM progenitors, stimulating the proliferation of myelocyte over erythroid progenitors even in the presence of excess EPO. 18 Leptin may also indirectly modulate erythropoiesis via induction of proinflammatory mediators that suppress erythropoiesis via IL-6/hepcidin-dependent and -independent pathways. 21, 23, 48 In our analysis, we found no association between plasma hepcidin levels and anemia. These findings are consistent with a recent analysis of a subgroup of the InCHIANTI study that examined the association between urinary hepcidin levels, proinflammatory markers, and anemia, and found that while IL-6 and C-reactive protein were associated with anemia and low serum iron, they were not associated with higher urinary hepcidin. 49 These findings raise several intriguing possibilities: (1) increased hepcidin may occur only in situations of overt inflammation; (2) a subset of AI may be mediated via hepcidin-independent inflammatory pathways such as TNF␣; or (3) single point-in-time measurements of plasma or urine hepcidin may be poor predictors for AI. In addition, leptin likely functions as part of a highly complex adipokine pathway, with leptin and adiponectin appearing to promote cross-regulatory pathways important for the development of cART-related metabolic syndrome and lipodystrophy, 50 as well as differential effects on the development of EPO resistance and insulin resistance in hemodialysis patients. 19 Therefore, it is reasonable to assume that these distinct adipokines may also have differential effects on erythropoiesis.
In summary, our study offers the novel observation that a leptin gene promoter polymorphism is associated with anemia in distinct groups of patients with HIV disease. We recognize that our study reflects an association between a leptin polymorphism and anemia in HIV ϩ patients and does not address causality. Furthermore, it remains to be determined whether the association of the leptin Ϫ2548 AA/AG genotypes and subtypes of anemia can be validated in HIV Ϫ elderly cohorts. Our work supports the premise that anemia is a biomarker of pathogenic inflammatory pathways and Figure 2 . Linkage disequilibrium structure of the 5 region of the leptin gene. Linkage-disequilibrium was calculated using the r 2 statistic (r 2 ϭ 1) in the HapMap CEU population. Very high linkage-disequilibrium is demonstrated between rs7799039 and rs10487506 in white subjects in the Swiss HIV Cohort (n ϭ 837).
BLOOD, 17 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 20 For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From that simply treating anemia will likely do little to alter prognosis. Research focused on elucidating inflammatory pathways underlying subtypes of inflammatory anemia is required for the design of efficacious targeted therapeutics. We provide novel insight into biologic processes that may affect the aging HSC in HIV disease and may also provide a foundation for the development of therapies that effectively decrease morbidity and mortality and enhance the quality of life in elderly HIV patients. 
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